A mixed microbial culture capable of metabolizing deoxynivalenol was obtained from soil samples by an enrichment culture procedure. A bacterium (strain E3-39) isolated from the enrichment culture completely removed exogenously supplied deoxynivalenol from culture medium after incubation for 1 day. On the basis of morphological, physiological, and phylogenetic studies, strain E3-39 was classified as a bacterium belonging to the Agrobacterium-Rhizobium group. Thin-layer chromatographic analysis indicated the presence of one major and two minor metabolites of deoxynivalenol in ethyl acetate extracts of the E3-39 culture filtrates. The main metabolite was identified as 3-keto-4-deoxynivalenol by mass spectroscopy and 1 H and 13 C nuclear magnetic resonance analysis. The immunosuppressive toxicity of 3-keto-4-deoxynivalenol was evaluated by means of a bioassay based on the mitogen-induced and mitogen-free proliferations of mouse spleen lymphocytes. This compound exhibited a remarkably decreased (to less than one tenth) immunosuppressive toxicity relative to deoxynivalenol, indicating that the 3-OH group in deoxynivalenol is likely to be involved in exerting its immunosuppressive toxicity. Strain E3-39 was also capable of transforming 3-acetyldeoxynivalenol but not nivalenol and fusarenon-X.
The trichothecenes are a group of toxic secondary metabolites produced by several genera of the Fungi Imperfecti, including Fusarium, Myrothecium, Trichothecium, and Stachybotrys (2, 19, 27) , some of which naturally contaminate cereal crops during growth or storage in high-moisture environments. Ingestion of moldy crops contaminated in this way has resulted in a number of serious outbreaks of mycotoxicoses in both humans and domesticated animals (4, 12) . The trichothecene mycotoxin deoxynivalenol (3␣,7␣,15-trihydroxy-12,13-epoxytrichothec-9-en-8-one) (DON; called vomitoxin; Fig. 1 ) has been implicated as the causative agent of vomiting and reduced feed intake in swine (5, 7, 17) . The reported widespread occurrence of DON as a natural contaminant in grain (1, 15, 21) is therefore of considerable economic concern, and a detailed knowledge of its toxicology is desirable. The trichothecenes have also been described as having immunosuppressive effects on animals (8, 18, 22) , and DON has been the subject of several immune deficiency studies (22, 23) . The 12,13-epoxide group is believed to be essential for the toxic activity of trichothecenes, although the number and nature of oxygenated substituents present at positions 3, 4, 7, 8, and 15 on the nucleus (Fig. 1) are also known to influence toxicity (24, 27) .
The possible role of soil bacteria in transforming the trichothecene T-2 toxin was suggested by Ueno et al. (28) . Beeton and Bull (3) reported on the roles of natural bacterial communities and monocultures as agents for the detoxification and biodegradation of T-2 toxin and related trichothecenes. A deepoxy compound, deepoxy DON, is reported to accumulate in rats (32) and ruminants (5) when they are fed DON and also in rumen fluid incubated in vitro with DON (13) . Similarly, DON is known to be degraded when incubated with the contents of the ceca and colons of hens (16) .
The aim of the present study was to search for soil microorganisms which are capable of transforming DON. A transformed product of DON was characterized with respect to both its structural and immunosuppressive properties.
MATERIALS AND METHODS
Trichothecenes. DON (vomitoxin) was isolated in this laboratory from a culture filtrate of Fusarium sp. strain Ku-117 (11) . The filtrate was passaged through an alumina-carbon column as described by Lauren and Greenhalgh (14) and then subjected to preparative silica gel thin-layer chromatography (TLC) with solvent system A (see below). DON was recovered from TLC plates by extraction with ethyl acetate. Standard samples of nivalenol, fusarenon-X, and 3-acetyl-DON were purchased from Wako Pure Chemicals.
Environmental samples. Soil samples (21 samples) for the isolation of microorganisms capable of transforming DON were obtained from fields in Tsukuba, Japan.
Analysis of trichothecenes. Concentrations of trichothecenes in culture broth were evaluated by high-performance liquid chromatographic analysis as described by Visconti and Bottalico (30) . TLC was used for qualitative analyses and for preparative purification of DON and metabolites of DON. Merck silica gel 60 F254 plates (thickness, 0.25 mm) were developed with solvent system A (ethyl acetate-toluene; 1:1 [vol/vol]). Trichothecene metabolites were visualized by spraying the plates with 20% H 2 SO 4 and then by heating them.
Mass spectroscopy (MS) and 1 H and 13 C nuclear magnetic resonance (NMR) spectroscopy were used for structural characterization.
1 H NMR spectra (400 MHz) and 13 C NMR spectra (100 MHz) were recorded on a Bruker AM400wb spectrometer controlled by an ASPECT 3000 computer. Pulse programs of the Bruker standard software library were used for two-dimensional correlated spectroscopy experiments. The chemical shifts are reported in parts per million relative to tetramethylsilane, an internal standard. Coupling constants are expressed in hertz, and multiplicities are indicated by the usual symbols. Fast atom bombardment (FAB) MS spectra were obtained with a VG ZAB-SE MS. Optical rotation was determined on a Jasco DIP-140 polarimeter with a 10-cm-long microcell.
Enrichment isolation. For enrichment culture, BYE medium was used. It contained (per liter) 0.5 g of NH 4 (10 ml) , and the resulting supernatants were pooled into three groups of seven soil samples. Aliquots of the pooled supernatants (0.1 ml) were used to inoculate 5 ml of BYE medium supplemented with 200 g of DON per ml, and the cultures were incubated at 30°C for 6 to 25 days with vigorous shaking. Culture samples were then transferred to fresh BYE medium supplemented with DON (200 g/ml), followed by 2 to 8 days of incubation. This procedure was repeated 14 times. The concentrations of DON in the culture media were monitored directly by high-performance liquid chromatography (see above) with aseptically removed samples (0.1 ml).
Isolation of bacterial communities. Cultures obtained following the enrichment culture procedure were serially diluted in 0.9% NaCl, and aliquots (0.1 ml) were spread onto a 10-fold-diluted nutrient agar medium (Difco). Plates were incubated at 30°C for 3 days. The bacterial communities thus obtained were stored at Ϫ20°C after suspension in 20% (wt/vol) glycerol.
Taxonomic characterization of an isolated bacterium. The isolated bacterium (strain E3-39) which exhibited potent ability to transform DON was subjected to taxonomic study, including morphological observation, physiological tests, and 16S ribosomal DNA (rDNA) analysis. The amplified 16S rDNA of strain E3-39 was sequenced directly by the dye primer method. The 16S rDNA sequences of related microorganisms obtained from the DDBJ and that of strain E3-39 were aligned by using Clustal V software (10) .
Isolation and characterization of a DON metabolite, 3-keto-DON. A 100-mg sample of DON was incubated in BYE medium with an isolated bacterium known to be capable of transforming the toxin. The culture supernatant was extracted three times with equal volumes of ethyl acetate, and the pooled organic extracts were concentrated by vacuum evaporation. The extract was charged on TLC plates and developed with solvent system A. Metabolites were visualized under UV irradiation, and the major metabolite was recovered from the TLC plates by elution with ethyl acetate. t ϭ 100 ␣/lc, where ␣ represents the observed rotation, l is the length (decimeters), c is the concentration of the solvent (in grams of solute per 100 ml of solution), t is the temperature, and D is the wavelength of the sodium D line.
Bioassay. The toxicities of DON and 3-keto-DON against mitogen-induced and mitogen-free proliferations of mouse spleen lymphocytes were evaluated by the method previously described by Fujimoto et al. (9) .
Nucleotide sequence accession number. The 16S rDNA sequence of strain E3-39 has been deposited in the DDBJ under accession no. AB006037.
RESULTS

Screening of microorganisms for biotransformation of DON.
In preliminary experiments using 500 microbial strains including bacteria, actinomycetes, and fungi we found none that were capable of transforming DON when cultivated in BYE medium. We therefore tried using an enrichment culture procedure (see Materials and Methods), by which an initially small population of DON-transforming microorganisms may be highly enriched, eventually becoming the majority of the population. In the first enrichment culture cycle in BYE medium, which lasted for 8 to 20 days, a decrease in DON concentration (by 60 to 90%) in the culture filtrate was detected in all three (E1, E2, and E3) samples tested. After 14 sequential cycles of the enrichment procedure, culture community E3 was found to exhibit the most potent ability to transform DON, causing an almost complete disappearance of DON after 3 days of incubation (Fig. 2) . To isolate individual bacteria from this community, the culture was plated on agar media and incubated at 30°C. Almost all the resultant colonies appeared to be composed of bacteria, and the culture appeared to be composed of approximately 50 species on the basis of differences in colony morphology. Of these 50 isolates, one (designated E3-39) showed the most potent biotransformation ability, causing a complete disappearance of DON after 1 day of incubation (Fig. 2) .
Taxonomic characterization of E3-39. Strain E3-39 is a short rod-shaped bacterium with flagella (Fig. 3) ; Gram staining was negative. It gave a positive reaction in both oxidase and catalase tests, and in an oxidation-fermentation test it showed fermentativeness. The predominant ubiquinone was ubiquinone Q10. Sequencing of 16S rDNA (see Materials and Methods) revealed that strain E3-39 is in the Agrobacterium-Rhizobium group, as illustrated in the dendrogram (Fig. 4) . On the basis of this sequencing and its phenetic and phylogenetic characteristics, strain E3-39 was tentatively assigned to the Agrobacterium-Rhizobium group.
Identification of the DON metabolite, 3-keto-DON. Strain E3-39 was cultured for 2 days in BYE medium containing 200 g of DON per ml, and the culture filtrate was extracted with ethyl acetate. TLC analysis with solvent system A indicated the appearance of a major biotransformation product with an R f value of 0.46, together with two minor products with R f s of 0.76 and 0.38. The major metabolite [compound (I)] was isolated with a yield of 70% (70 mg from 100 mg of DON) from a large-scale cultivation (see Materials and Methods) and was fully characterized as 3-keto-DON by 1 H and 13 C NMR spectroscopy ( Fig. 5 and Table 1 ). All NMR assignments were confirmed by 1 H-1 H and 13 C-1 H two-dimensional correlated spectroscopy. A comparison with the NMR data for DON (Table 1) Biotransformation of other trichothecenes by E3-39. Since cultures of strain E3-39 efficiently transform exogenously supplied DON to 3-keto-DON, the strain's ability to biotransform other trichothecene mycotoxins was also examined (Fig. 7) . The strain was incubated at 30°C for 6 days in BYE medium supplemented with 200 g of either nivalenol, 3-acetyl-DON, or fusarenon-X per ml. The level of 3-acetyl-DON present was found to decrease during incubation with E3-39, although the rate of disappearance was lower than that for DON. In contrast, nivalenol and fusarenon-X were not metabolized.
Toxicity of 3-keto-DON. DON has been reported to have immunosuppressive activity (22) . The toxicities of DON and 3-keto-DON against mitogen-induced and mitogen-free proliferations of mouse spleen lymphocytes were therefore examined. DON exhibited severe suppressive activity toward the lymphocytes at a concentration of 0.25 g/ml (Fig.  8A) . Strikingly, 3-keto-DON showed little immunosuppressive activity, even at concentrations as high as 1 g/ml (Fig.  8B) . Transformation of DON to 3-keto-DON therefore results in a reduction in immunosuppressive toxicity by more than 90%.
DISCUSSION
This study indicates that DON is converted to 3-keto-DON during incubation with strain E3-39, a bacterium isolated from a soil sample by means of an enrichment culture procedure. Significantly, the resulting 3-keto-DON exhibits a much reduced immunosuppressive toxicity compared with DON. Although 3-keto-DON has previously been semisynthetically produced via chemical oxidation of DON (25) , the present paper X00007, M24837, X06684, X67037, X67039, X74066, Z29619, M59296, D16146,  U69638, S46917, L11664, D32224, AB006037, X67228, D01256, X67225,  X67226, X67233, D12798, (6, 24) . In animals, ingestion of moderate to small amounts of toxin can cause a number of as yet poorly defined effects associated with reduced performance and immune function (23) . The capacity of DON to affect normal immune function has been of particular interest, and there is extensive evidence that DON can be immunosuppressive. Robbana-Barnat et al. (22) have shown that DON inhibits mitogen stimulation of B and T cells. In this report, we found that 3-keto-DON, produced from DON by oxidative biotransformation, exhibited a remarkable decrease in immunosuppressive toxicity (Fig. 8) .
Although it has been suggested that the epoxide group on the trichothecene nucleus of DON is responsible for its toxicity (24), our results provide new evidence that the 3-OH group in DON is also likely to be significantly involved in the immunosuppressive toxicity. Members of the Agrobacterium-Rhizobium group, to which strain E3-39 was tentatively assigned, are frequently isolated from soil and are characterized by a unique ability to produce cortical hypertrophies on plants (reviewed briefly in references 26, 29 and 31). The genus Rhizobium is distinguished from the genus Agrobacterium by symbiotic characteristics and the ability for nitrogen fixation. The species of these genera were, however, not separable phenotypically and genetically, and moreover the intrageneric relationships of Agrobacterium and of Rhizobium have also been confused (26, 29, 31) . Despite such a confusion in the taxonomic status of the genera Agrobacterium and Rhizobium, it would be useful, though this study did not do so, to identify strain E3-39 at the species level.
The biological significance of oxidation of the 3-OH group in DON by soil bacteria is unclear, but our study implies that relatively high concentrations of DON can be quickly transformed in soil environments to a much less toxic derivative. It is conceivable that biotransformation to 3-keto-DON is an initial reaction for complete DON degradation in the soil. Preliminary experiments have shown that 3-keto-DON-forming activity is detected in the E3-39 culture filtrate but not in the sonicated disruptant of cells (unpublished results), and it is therefore likely that DON was transformed to 3-keto-DON by an extracellular enzyme excreted by the organism. 
